Biomarker thermal maturity is widely used to study burial heating of sediments over millions of years. Heating over short timescales such as during earthquakes should also result in measurable increases in biomarker thermal maturity. However, the sensitivity of biomarker thermal maturity reactions to short, higher-temperature heating has not been established. We report on hydrous pyrolysis experiments that determine the kinetic parameters of methylphenanthrene maturation at timescales and temperatures relevant to earthquake heating. Samples of Woodford Shale were heated at temperatures up to 343°C over 15-150 min. The thermal maturity of the samples as measured by the methylphenanthrene index-1 (MPI-1) increased with heating time and temperature. We find that MPI-1 increases with time and temperature consistent with a first-order kinetic model and Arrhenius temperature relationship. Over the timescales tested here, MPI-1 is strongly affected by maximum temperature and less sensitive to heating duration. Production of new phenanthrene isomers and expulsion of a liquid pyrolyzate also occurred. Differential expulsion of methylphenanthrene isomers affected the apparent maturity of the rock at lower temperatures and may need to be considered for organic-rich fault rocks. Our results demonstrate that the overall MPI-1 reaction extent in both the rock and pyrolyzate are a useful measure of thermal maturity and reflect temperature history during rapid heating.
INTRODUCTION
The kinetics of organic thermal maturity reactions are a function of both time and temperature and occur over a wide range of conditions during earth processes. However, most studies of organic thermal maturity kinetics have focused on longer timescales applicable to burial heating of organic matter and generation of petroleum. There is increasing interest in using organic thermal maturity to study heating processes at much shorter timescales such as occurs during earthquakes, lightning strikes, bolide impacts, dike intrusions, and drill bit metamorphism (Raymond and Murchison, 1992; Daly et al., 1993; Simoneit et al., 1994; Farrimond et al., 1999; O'Hara, 2004; O'Hara et al., 2006; Bowden et al., 2008; Schimmelmann et al., 2009; Wenger et al., 2009; Parnell et al., 2010; Polissar et al., 2011; Sakaguchi et al., 2011; Fulton and Harris, 2012; Kitamura et al., 2012; Savage et al., 2014) . Extrapolation of kinetics determined for slow, burial-heating rates to the short timescales of these processes is highly uncertain.
Here we determine the kinetics of thermal maturation of methylphenanthrene compounds at timescales and temperatures important for shear heating during earthquakes.
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The frictional work (the product of shear stress and fault slip) done during an earthquake is dissipated as heat, in some cases leading to temperature rise great enough to melt the fault materials (>1000°C). However, frictional melt is not often detected along faults (Kirkpatrick et al., 2009; Kirkpatrick and Rowe, 2013) , potentially due to extreme fault weakening during sliding brought on by various micromechanical processes (Di Toro et al., 2011) . Because of a lack of other paleothermometers for faults zones, it is difficult to estimate temperature rise when frictional melt is absent.
Thermal maturity of organic molecules offers a possible alternative to determine temperature rise, and subsequently estimate shear strength and fault slip during an earthquake. Earthquake heating along a fault occurs during the earthquake event, $1 to 10 s depending on the size of the event and slip velocity. However, heat dissipation occurs over longer timescales, and reaction of chemical compounds should continue as heat dissipates over minutes to hours. These timescales are much shorter than prior experiments on organic thermal maturity reactions. Here we focus on methylphenanthrenes because they appear to be common compounds in geologic faults hosted within sedimentary rocks at burial depths of 1-5 km (Polissar et al., 2011) . To our knowledge, these are the first experiments on these compounds in this time/temperature range. We compare our results to previous estimations of methylphenanthrene maturation based on correlations during slow, burial heating of vitrinite. Finally, we discuss potential applications for the results to determine temperature rise on faults during earthquakes.
BACKGROUND
Heating of sediments systematically alters the chemical composition of organic material contained within the rock as thermally unstable compounds break down relative to more stable compounds, and rearrangements of molecules to more stable structures occur. This process of thermal maturation favors generation and preservation of molecules with low H/C ratios, as the ultimate fate of heated organic matter is transformation to graphite and other highly stable, hydrogen-poor structures. Polycyclic aromatic hydrocarbons (PAHs) are an important class of petroleum molecules used to assess thermal maturity. These hydrogen-poor molecules contain conjugated aromatic rings that are the building blocks of graphite and are stable at high temperature.
Methylphenanthrenes
Methylphenanthrenes are methylated polycyclic aromatic hydrocarbons whose pattern of methylation changes with thermal maturity. Methylation at the 9 and 1 (a) positions increases steric strain in the molecule, causing those isomers to be less stable compared to the 3 and 2 (b) positions (Fig. 1) . Consequently, the a isomers 9-and 1-methylphenanthrene (9-MP and 1-MP) are less stable, breaking down at high temperatures, while the b isomers 3-and 2-methylphenanthrene (3-MP and 2-MP) are more stable at high temperatures (Radke et al., 1982a; Szczerba and Rospondek, 2010) . This varied stability at high temperatures forms the basis of the methylphenanthrene index MPI-1, the ratio of stable b-methylphenanthrenes to unstable a-methylphenanthrenes used as a measure of thermal maturity.
Phenanthrene and methylphenanthrenes are created during thermal maturation of organic matter. They are not synthesized by any known organism, but rather formed by alteration of precursor molecules during heating. Methylphenanthrenes have been found in samples of very low thermal maturity (0.4% vitrinite reflectance), suggesting they can be formed early in the maturation process (Szczerba and Rospondek, 2010) . Once formed, alteration, destruction and expulsion of phenanthrenes can occur. Alteration includes interconversion of different methylphenanthrenes via isomerization (Szczerba and Rospondek, 2010) . Alteration can also occur via transmethylation between phenanthrene and a methyl donor, affecting the relative abundances of phenanthrene and methylphenanthrenes during heating (Szczerba and Rospondek, 2010) . Destruction occurs when the triaromatic ring nucleus that defines phenanthrenes is altered through addition or cracking reactions. Expulsion describes the migration of liquid hydrocarbons out of the primary source rock into surrounding sediments. Expulsion can alter both the overall concentration of molecules in the source rock and the relative distribution of molecules by differential expulsion. Migration of fluids through a rock can also leave traces of methylphenanthrenes and other small molecules. The distribution of phenanthrene molecules in a sample therefore reflects the prior heating history of the sample through the creation, alteration, destruction and expulsion of these molecules plus any fluids that may have migrated through the rock.
Previously, the maturation of methylphenanthrenes has only been evaluated at longer timescales (Radke et al., 1982a (Radke et al., , 1982b (Radke et al., , 2000 Radke, 1988; Armstroff et al., 2006) and the kinetic parameters describing methylphenanthrene maturation have not been determined. Existing estimates for methylphenanthrene maturation rates therefore rely upon an empirical relationship between methylphenanthrene maturity and vitrinite reflectance. The kinetics of vitrinite reflectance are reasonably constrained across laboratory and geologic heating rates (Burnham and Sweeney, 1989; Sweeney and Burnham, 1990) . Therefore, vitrinite reflectance can be calculated for most possible time-temperature histories, and the corresponding methylphenanthrene maturity can then be determined from the empirical relationship. This relationship is determined from slowly heated basin sediments and then extrapolated to other settings. Accordingly, this calculation assumes that vitrinite reflectance and methylphenanthrene maturity evolve similarly across a wide range of heating rates and temperatures (Polissar et al., 2011) . However, studies of sediments heated by igneous dike intrusions suggest that methylphenanthrenes mature more slowly than vitrinite during shorter, higher temperature heating events (Raymond and Murchison, 1992; Bishop and Abbott, 1995) . These observations indicate that the correlation between methylphenanthrene maturity and vitrinite reflectance cannot be extrapolated from slow, burial heating rates to short, high temperature heating events such as during an earthquake. Here we experimentally observe the maturation of methylphenanthrene molecules at much shorter timescales to develop kinetic parameters applicable to rapid heating of geologic materials.
METHODS

Samples
Hydrous pyrolysis experiments were carried out on crushed Woodford Shale, an organic-rich, relatively thermally immature shale sampled in central Oklahoma, previously used in hydrous pyrolysis experiments (Lewan et al., 1979; Lewan, 1997) . The Woodford Shale is appropriate for our laboratory heating experiments because it is a wellstudied benchmark. Experiments need not be run at very high temperature to study the kinetic reactions due to its low thermal maturity, and the high organic content allows heating and analysis of small samples.
Samples of the Woodford Shale were collected from the same outcrop previously described in Lewan (1997) (a road cut on the west side of Interstate 35 at 34.35131°N, 97.14847°W). While we were unable to determine the exact bed collected by Lewan (1997) , our samples come from sediments with an identical burial history to those used in their previous hydrous pyrolysis study.
The Woodford Shale is an organic-rich DevonianMississippian shale containing immature Type-II organic matter (Cardott and Lambert, 1985; Lewan, 1997; Romero and Philp, 2012) . At our sampling locality, mean vitrinite reflectance measurements (R m 0.41 ± 0.05%, Lewan, 1997; Romero and Philp, 2012) place the shale into the pre-oil generation stage. Preliminary comparison of indurated chert-rich and friable chert-poor samples from the outcrop demonstrated identical molecular distributions (n-alkane, sterane, hopane, methylnaphthalenes, methylphenanthrenes) but considerably higher concentrations in the chert-poor sample. We selected the higher-concentration, chert-poor material for our study due to the limited volume of the pyrolysis reactor. A hand sample of the shale was scrubbed with de-ionized water, rinsed with dichloromethane to remove any surface contamination and crushed with a solvent-cleaned chisel and hammer to $2-mm-size pieces. The sample was then further crushed in a cleaned mortar and pestle to yield a distribution of grain sizes. The grains were sieved through 710 and 250 lm screens and the 250-710 lm fraction selected as the maximum size that could easily be loaded into the narrow reactor. This restricted grain size range was used to ensure no appreciable difference in the time it took heat to diffuse through each grain.
Rapid heating apparatus
The rapid heating apparatus consists of a narrow stainless steel reactor (15 ml, 7 mm diameter) (Fig. 2) . Fittings at the base allow a 1/8" J-type thermocouple to feed into the center of the reactor. The top of the reactor connects to a pressure transducer and valves that allow the reactor to be evacuated, purged with helium gas and sealed during the experiments. The inner wall of the reactor was carburized by heating several organic-rich samples prior to running the experiments described here. Two resistive heaters (330 W Watlow Cable Heater, p/n 62H56A4X-886) are wound around the outside of the reactor. A second external 1/16" J-type thermocouple is affixed to the outside of the reactor, directly in contact with the outside metal wall. Temperature is controlled by an Omega proportionalintegral-derivative (PID) controller with feedback from the external thermocouple. The internal thermocouple measures temperatures within the rock sample during the (1) is wrapped with two resistive heaters (2) and has an internal thermocouple (3) that measures the temperature during an experiment. An external thermocouple (4) provides feedback to a partial-integral differential (PID) controller that heats the reactor. A pressure transducer (5) monitors system pressure during an experiment and is attached to a four-way cross that is opened to release pressure after an experiment (8). A high-pressure valve (6) isolates the reactor and transducer during an experiment while a two-way Swagelok Ò valve (7) allows air to be pumped out of the reactor and the reactor to be charged with helium before an experiment.
experiment. Glass-fiber insulation was wrapped around the entire length of the reactor. Pressure (from generation of steam and volatile gases) and internal and external temperature were recorded at 1 Hz throughout the experiment.
Hydrous pyrolysis experiments
To prepare an experiment, the reactor, already sealed at the bottom with the internal thermocouple attached, was filled with 3.45 ml Optimum-grade ultra-purified water (organics-free) and then 6 g of Woodford Shale pieces (250-710 lm). The shale was added slowly to the reactor after the water to ensure that the pieces distributed evenly through the water and did not form a plug within the reactor. The water volume was optimized to completely cover the rock sample at all times (Lewan, 1993) while not over-pressuring the reactor as the water expands at high temperature.
The reactor was attached to the support frame and a vacuum pump removed the air (10 s). The system was pressurized to 6.90 MPa (1000 psi) with ultra-high-purity helium and leak checked with a helium detector. The pressure was then released and the system pressurized with 1.38 MPa (200 psi) helium to provide an inert atmosphere for the experiments.
At the end of the experiment the reactor was rapidly cooled by removing the insulation, spraying water onto the outer surface, and blowing air with a fan. Once cool, the top fitting on the reactor was removed and the reactor detached from the frame. The reaction products were poured into a jar, the bottom fitting removed and residual oil and rock rinsed into the jar with organics-free de-ionized water.
Between experiments, the connectors, reactor, and internal thermocouple were cleaned with high pressure boiling water, detergent, deionized water, methanol, and dichloromethane. A soft brush was used on the connectors, but no abrasive materials were used on the inside of the reactor to avoid destroying the carburized layer.
Sample extraction
The reaction products (water and rock) from the hydrous pyrolysis experiments were separated into liquid (water plus expelled bitumen or pyrolyzate) and solid (shale) fractions by filtering through a glass fiber filter (Whatman GF/F pre-combusted at 450°C for 8 h). The solids on the filter were rinsed with organics-free de-ionized water, methanol and dichloromethane (all Optima grade, Fisher) to ensure that no pyrolyzate remained on the shale pieces, and then allowed to dry overnight at room temperature.
The pyrolyzate was recovered from the aqueous filtrate by liquid-liquid extraction in a glass separatory funnel using three 20 ml aliquots of dichloromethane. The dichloromethane pyrolyzate extract was evaporated to $1 ml volume using a gentle stream of nitrogen gas in a TurboVap and transferred to a 4 ml vial. The solid shale sample was crushed to a fine powder in a solvent-cleaned mortar and pestle. The powdered shale was transferred to a precombusted glass beaker, covered with dichloromethane and sonicated for 15 min. The dichloromethane extract was decanted into a clean vial and the sonication extraction repeated two additional times. The combined dichloromethane sonication extracts were evaporated to $1 ml volume using a gentle stream of nitrogen gas in a TurboVap and transferred to a 4 ml vial. Internal standards (5a-androstane and 1,1 0 -binapthyl) were added to both the liquid and solid extracts, and the dichloromethane replaced with hexane via three evaporation/hexane addition steps. At no time was the extract allowed to go completely dry.
Column chromatography
Samples were separated into aliphatic, aromatic, and polar fractions with silica-gel column chromatography using a procedure modified from Bastow et al. (2007) . Silica gel was prepared by extracting with 9:1 dichloromethane:hexane at 100°C in an Accelerated Solvent Extractor (Dionex ASE-350) and drying at 125°C for at least 12 h. Glass Pasteur pipettes were plugged with glass wool and pre-combusted at 450°C for 8 h. Pipette columns were prepared with 0.50 g of silica gel (dry-pack) and rinsed with 4 ml of hexane. The sample was loaded onto the column in 200 ll of hexane and eluted with 1.0 ml of hexane plus 0.5 ml of 7:3 hexane:dichloromethane (F1, aliphatic), 1.0 ml of 7:3 hexane:dichloromethane plus 0.5 ml of dichloromethane (F2, aromatic) and 1.0 ml dichloromethane plus 2.5 ml of methanol (F3, polar). (The sequential solvents for each fraction account for the holdup volume of the column.) The aromatic fraction was evaporated under a gentle stream of N 2 gas to $100 ll of dichloromethane for gaschromatography.
Sample quantification
Samples were analyzed using a gas chromatograph mass spectrometer (GC-MS, Agilent 7890A GC and 5975C MSD) equipped with a multi-mode inlet (MMI, deactivated single-taper liner without wool packing) and DB-5 ms column (30 m length, 250 lm i.d., 0.25 lm phase thickness) at 1.0 ml/min helium flow. One microliter of sample in dichloromethane was injected splitless into the MMI and the MMI temperature held at 60°C for 0.1 min and then ramped to 320°C at 15°C/s and held for the remaining acquisition time. The oven temperature was held at 60°C for 1.5 min, ramped to 150°C at 15°C/min and then to 320°C at 4°C/min where it was held for 20 min. The MSD ion source was held at 300°C with an electron energy of 70 eV and a quadrapole temperature of 150°C. The MSD was operated in a hybrid scan and single ion monitoring (SIM) mode, scanning from 50-550 dalton and SIM monitoring of 178.1, 192.1 and 254.1 with a 50 ms dwell time. The cycle time for the hybrid scan/SIM acquisition was 2.7 scans/s. Peaks were integrated with the Chemstation software, using SIM peak areas for the phenanthrenes and internal standard, and scan peak areas for other compounds such as naphthalene and methylnaphthalenes.
For each laboratory-heated sample, concurrent GC-MS analysis of a standard with 9-, 1-, 3-and 2-methylphenthrenes, phenanthrene and the 1,1 0 -binaphthyl internal standard was used to calibrate the relative response ratio of the five target compounds to the internal standard. The standard solution was prepared with authentic compounds purchased from Chiron AS (Trondheim, Norway).
Response ratios from phenanthrene and methylphenanthrenes were used for naphthalene and methylnaphthalenes, respectively.
Abundance of methylphenanthrenes
The ratio of stable b-MP isomers to unstable a-MP isomers is used to calculate the Methylphenanthrene Index MPI-1. This ratio measures the amount of methylphenanthrene's refractory isomers 2-and 3-methylphenanthrene relative to the less stable isomers 9-and 1-methylphenanthrene and increases with thermal maturity (Radke et al., 1982b; Szczerba and Rospondek, 2010) . Calculations are on a weight basis from concentrations determined by GC-MSD:
Determination of kinetic parameters
The MPI-1 ratio reflects multiple processes that include formation of new methylphenanthrenes from other compounds, interconversion between methylphenanthrenes and destruction of methylphenanthrenes. Although we can see that these processes are taking place within our experiments, the kinetics do not exist for each of these individual reactions, and our experiments do not allow for determination of each of these processes. However, what is important for this study is the net effect of these various reactions and how this is preserved in fault zones. The net effect can be measured from our experiments by treating the MPI-1 as a reactant whose "concentration" follows first-order reaction kinetics. As we show below, this treatment provides an excellent fit to our experimental data. Work underway in our lab will test the accuracy of extrapolating these kinetic parameters to timescales shorter than those encompassed in our study.
The change in the MPI-1 ratio was treated as a firstorder reaction and the pre-exponential factor and activation energy determined by regression. MPI-1 was first transformed into a measure of reaction extent (F) assuming the MPI-1 ratio starts at zero (MPI min ) and proceeds until it reaches 1.6 (MPI max ):
The MPI max value derives from observations indicating the MPI-1 ratio maximizes at $1.6 and then either remains constant (Szczerba and Rospondek, 2010) or decreases (Radke et al., 1982a ) with further heating. The MPI min value is assumed zero although could have some finite, small value for the first phenanthrenes formed. The MPI min value cancels in the calculation of the rate constants, and so does not influence the final result. Temperatures for the experiments (T, Kelvin) were determined by the time the sample spent within 5% of the maximum temperature. This likely underestimates the total time because some reaction occurs as the reactor heats up (Fig. 3) . Rate constants (k) for each experiment were calculated from the reaction extent (F) and heating time (t, seconds):
where
calculated from Eq. (2). The activation energy (E a ) and preexponential constant (A) were determined from the slope and intercept of a least-squares regression to the experimental data:
where R g is the universal gas constant. Uncertainty in the fitting parameters was determined by a parametric bootstrap method using the regression residuals as the sampling distribution for uncertainty in the y (ln k) values. We also determined kinetic parameters with an alternate analysis that uses the full time-temperature history of the experiments. For each experiment we conducted a parameter search for the combinations of ln (A) À E a values that correctly predict the final MPI-1 value. Each potential ln (A) À E a pair was used in a forward model with a burial heating step to account for the initial MPI-1 ratio and the experimental time-temperature history to predict the final MPI-1 value and the measured-expected MPI-1 value calculated. Note that the choice of time and temperature for the burial heating step has no effect on this analysis as long as they result in the measured initial MPI-1 ratio. The values of ln (A) and E a from this analysis were determined by finding the ln(A) À E a pair that yielded the minimum rootmean squared error of the measured minus expected values for all experiments.
Two experiments (#4 and #10) had temperature anomalies during the experiments due to equipment malfunction that indicate the recorded temperatures did not reflect the actual temperature. These experiments are not included in the analysis of kinetic parameters. However, chemical concentrations and maturity indices from these experiments are included in tables and figures.
RESULTS
The experiments performed here demonstrate that methylphenanthrenes react on the timescale of minutes to hours. In total, 10 heating experiments and one unheated control experiment were conducted at times ranging from 15 to 157 min and temperatures ranging from 267 to 343°C (Table 1) . Thermal maturity analyses were conducted on both the rock and the water from each experiment. The change in thermal maturity is evident in the gas chromatograms of heated and unheated samples (Fig. 4) , documenting increases in the relative abundance of phenanthrene and 2-and 3-methylphenanthrene, as expected from previous studies.
4.1. Molecular concentrations and temperature effects on the MPI-1 index Fig. 5 shows that the total abundance of phenanthrenes in the rock does not change significantly with increasing thermal maturity, whereas their abundance in the water increases with maturity. The total amount of phenanthrenes (rock plus water) increases with maturity, indicating that new phenanthrenes must be generated from other organic compounds during the experiment. The concentration of phenanthrenes in rock from the unheated (control) experiment was greater than in any of the heated experiments, which suggests heating facilitated expulsion of preexisting bitumen within the rock (Fig. 5) . Additionally, some phenanthrenes are dissolved into the water even without heating (Fig. 5) .
The MPI-1 value increases strongly with experimental temperature in both the rock and water extracts (Fig. 6) . Experimental time is also important, as shown by the increased maturity of the longer experiments (darker colors in Fig. 6 ), but maximum temperature has a greater effect across our experiments. Although the rock sample increases in thermal maturity with temperature, the pyrolyzate expelled into the water has a consistently higher maturity and a stronger relationship between maturity and temperature. As discussed below, this likely reflects preferential expulsion of higher maturity phenanthrenes out of the rock into the water, leaving the rock with a lower maturity signature. This process is evident in the lowest temperature experiments where the final MPI-1 value of the rock sample is lower than the unheated sample. At these temperatures, preferential expulsion has a larger effect on the rock MPI-1 values than thermal maturation although the MPI-1 of the total system (rock plus pyrolyzate) increases. The thermal maturity of the total phenanthrenes (rock plus pyrolyzate) is similar to the pyrolyzate alone due to the higher concentrations in the water compared to the rock extracts.
It is important to understand the molecular controls on the MPI-1 ratio, such as rates of creation and destruction, and the variation between a and b isomers. In agreement with previous studies of methylphenanthrenes, 9-MP is found to be the most abundant isomer, and 2-MP is more abundant than 3-MP (Szczerba and Rospondek, 2010) (Fig. 7 , Table 2 ). The fractional abundance of the phenanthrene molecules indicates that increasing MPI-1 ratios are driven by increasing 2-and 3-methylphenanthrenes and decreasing 9-methylphenanthrene in both the rock and water as expected from prior studies. Increasing 1-methylphenanthrene proportions in the rock and increasing phenanthrene proportions in both the rock and water offset some of the MPI-1 increase. The higher MPI-1 value and larger MPI-1 increase in the pyrolyzate compared to the rock is driven by overall higher concentrations of 2-and 3-methylphenanthrene in the pyrolyzate, lower concentrations of 9-methylphenanthrene in the pyrolyzate and the opposing sign of the 1-methylphenanthrene proportions in rock and pyrolyzate as maturity increases. The increase in MPI-1 with heating is also mirrored by additional maturity indices (Fig. 8) . Alternate maturity parameters based on methylphenanthrene molecules such as the methylphenanthrene index-3 (MPI-3) and methylphenanthrene ratio (MPR-1) show a significant, positive relationship with the MPI-1 ratio. This is important because the MPI-1 ratio includes a relatively stable molecule, phenanthrene, in the denominator. Inclusion of phenanthrene in this way may be the cause of reversals in the MPI-1 ratio at very high maturities (Szczerba and Rospondek, 2010) . Therefore, the consistency between the MPI-1 ratio and these other parameters indicates that exclusion of phenanthrene does not affect the results and there has not been any reversal of the MPI-1 ratio. An additional maturity parameter, the methylnaphthalene ratio (MNR) also behaves similarly to the MPI-1 ratio. The MNR is based upon the relative abundances of 1-and 2-methylnapthalenes, whose thermal stabilities are different due to differing steric effects. Similar evolution of the MNR indicates that the factors controlling methylphenanthrene evolution are also acting on other PAH compounds in a similar manner. These similar trends provide confidence that the MPI-1 is reflecting overall thermal maturity of the samples.
Kinetic analysis
Rate constants for the MPI-1 value increase with temperature for both water and rock (with the exception of the few experiments at lower temperature discussed above, where the rock MPI-1 is lower than the initial, unheated value). Fig. 9 demonstrates that the reaction constant (k) increases with increasing temperature and is well fit by Eq. (5). Furthermore, the temperature dependence of the rate constant is similar for both rock (Fig. 9A ) and the expelled pyrolyzate (Fig. 9B) suggesting they are both dominantly governed by thermal maturation (Table 3) . We also calculate kinetics for the total system determined by summing the concentration of each molecule in the pyrolyzate and rock extract and then calculating the MPI-1 ratio Table 1 .
( Fig. 9C) . The relationship between reaction extent and time for experiments at the same temperatures is linear in ln (F) and is thus consistent with pseudo-first order kinetics for the MPI-1 increase (Fig. 10) . To our knowledge, this is the first kinetic analysis of methylphenanthrene maturity parameters. The kinetic parameters established for the time-temperature ranges explored in these experiments predict reaction rates slightly below those predicted from vitrinite reflectance kinetics (Sweeney and Burnham, 1990 ) and correlations with MPI-1 at the longer timescales of burial heating (Radke et al., 1982a) (Fig. 11) .
DISCUSSION
MPI-1 increases at temperatures relevant for earthquakes
The experimental data indicate that methylphenanthrenes and other biomarker indices measurably and systematically increase with time and temperature. The rate at which MPI-1 changes with time at constant temperature is consistent with a first-order kinetic model, as is commonly used for biomarker maturity parameters (Mackenzie and McKenzie, 1983; Alexander et al., 1992 Alexander et al., , 1997 (Fig. 10) . While other models, such as distributed activation energy, might also fit the data, they are not required by the experimental results. The alternative kinetic analysis that uses the full time-temperature history yields activation energies statistically indistinguishable from those determined by assuming a constant reaction temperature. This underscores the greater importance of temperature in determining the reaction rate over the range of heating times in this study, as the constant-temperature analysis ignores the heat-up and cool-down periods of the experiment. The alternative kinetic analysis also reveals that there are relatively strong constraints on the activation energy, weaker constraints on the pre-exponential constant and a strong relationship between the activation energy and pre-exponential constant. These results are expected: the intercept on an Arrhenius diagram is determined by extrapolation far from the centroid of the data and is strongly dependent upon both the slope and its uncertainty.
The experimental data indicate that the MPI-1 value should increase in sedimentary rock-hosted fault zones for temperatures likely reached in earthquakes. This effect is illustrated by Fig. 11 , where one second of heating at $850°C will increase MPI-1 close to it maximum value of 1.6. Heating at 600°C for one second would still result in a measurable change in the MPI-1 value. These heating levels are substantial but easily achieved in moderate to large sized earthquakes within a fault zone. These heating timescales are shorter than those in our experiments and require extrapolation of kinetic parameters outside of their calibration range. However, heating at lower temperatures and longer times (comparable to our experimental range) is also expected to occur in fault zones as the rapid, localized temperature rise slowly diffuses away from the slip zone. During this diffusive regime, temperatures can remain high for minutes to tens of minutes on and adjacent to the slip zone. This heating regime can also cause measurable changes in the MPI-1 value that allow detection of a frictional heating event. While we are currently investigating heating at shorter timescales to evaluate kinetic parameters during extremely fast heating events, the present results are directly applicable to samples that experience heating during the diffusive decay of a frictional heating event.
Integrated heating from multiple earthquakes should also leave a measurable increase in the MPI-1 value. The cumulative duration of multiple, short events should produce an MPI-1 increase similar to that from a single event of the same total duration. This sensitivity to integrated heating is a particularly useful feature for applying organic thermal maturity to fault zones, as it can capture the full slip history of a fault, assuming the thermal maturity has not reached a maximum. However, the strong, non-linear dependence of the MPI-1 rate on temperature means that a single, high-temperature event will often dominate the integrated heating signature. Therefore, MPI-1 either reflects the maximum earthquake achieved along the fault, or an integrated signal of the largest events. Future laboratory and modeling work will explore this topic further. The temperature sensitivity range of the MPI-1 measurement complements other higher-temperature approaches for measuring frictional heating, such as melting of silicate minerals to produce pseudotachylyte. This process occurs at temperatures at or above those temperatures where methylphenanthrenes are systematically related to time and temperature (e.g., Spray, 1992) and thus the MPI-1 index provides a critical window into fault processes at temperatures below the melting point.
The kinetics established here suggest that methylphenanthrene maturity can also be used to investigate other short, high-temperature heating events from sources such as shock heating and exposure to igneous activity. Shock heating from hypervelocity impacts can yield extremely high temperatures as demonstrated by theoretical . Arrhenius diagram for fitting kinetic parameters to MPI-1 rate constants in rock extracts, pyrolyzate and combined rock and pyrolyzate (Table 3) . Kinetic parameters are determined from the slope and intercept of a linear least-squares fit to the data (solid line) and 3-sigma uncertainty in the fit (dashed line). Numbers refer to individual heating experiments in Table 1. calculations and the presence of melted rock in some bolide impact structures (French, 1998) . Experiments with hypervelocity impactors made from sedimentary rock containing methylphenanthrenes are consistent with these observations and our results. These experiments reached temperatures above 1000°C for millisecond timescales and resulted in measurable increases in methylphenanthrene maturity (Bowden et al., 2008; Parnell et al., 2010) . This increase was observed without any melt formation, demonstrating the utility of organic thermal maturity for investigating heating at a range of temperatures important in geologic processes.
Comparison of experimental kinetics with prior studies
The kinetics determined from our experiments compare favorably to those determined by burial heating over the range of our experimental timescales and temperatures (Fig. 11) . However, the reaction rates extrapolated from burial heating are slightly lower than those predicted from the experiments and a stronger function of temperature. Therefore, the experimental and burial estimates for MPI-1 reaction rates have a crossover point somewhat above the temperatures investigated in the laboratory experiments. Above this crossover temperature, the rates predicted from burial heating become greater than those determined experimentally. Estimates for methylphenanthrene maturation rates from burial heating rely upon an empirical relationship between methylphenanthrene maturity and vitrinite reflectance (Radke et al., 1982a) . The relationship is determined from slowly heated sediments in sedimentary basins and extrapolated to shorter heating rates and higher temperatures through kinetic models of vitrinite reflectance. This approach assumes that the relationship between vitrinite reflectance and methylphenanthrene maturity remains the same at all heating rates and temperatures. However, this assumption is unlikely to hold at shorter timescales as has been demonstrated by different relationships between vitrinite reflectance and MPI-1 adjacent to igneous dikes (Raymond and Murchison, 1992; Bishop and Abbott, 1995) where heating occurs over years to centuries. Therefore we take the results of our experiments as more closely applicable to short, high-temperature heating events. Future experiments focused on hydrous pyrolysis at even shorter timescales and higher temperatures will provide an important test for the kinetic parameters determined here.
Role of production and expulsion on the MPI-1 ratio
The experimental results indicate methylphenanthrenes were produced during heating. The total amount of extractable phenanthrenes (phenanthrene plus methylphenanthrenes) increased from 7.6 to 26 lg/g, demonstrating substantial formation of new phenanthrene molecules (Fig. 5 ). Destruction and interconversion may also have occurred but cannot be independently deduced from the data. This finding is consistent with prior studies where absolute biomarker concentrations have been quantified during thermal maturation. These studies demonstrate that differential production and destruction are important processes for most common biomarker thermal maturity indicators (Abbott et al., 1990; Peters et al., 1990; Bishop and d Experiments not used in kinetic analysis. e Unheated control. Abbott, 1995) . These processes do not negate the validity of biomarker maturity parameters; rather they shift the emphasis of thermal stress towards a mixture of interconversion, production and destruction reactions. Production reactions depend upon both the starting material and stability of the products while interconversion and destruction reactions primarily depend upon molecular stability. Thus, all processes are sensitive to the thermodynamic properties of molecules that form the basis of biomarker thermal maturity parameters.
The experimental results also demonstrate expulsion of methylphenanthrenes into the liquid pyrolyzate. The amount of methylphenanthrenes retained in the rock samples in the heated experiments remained relatively constant (0.3-2.1 lg/g) compared to the large increase in the pyrolyzate concentrations. This suggests a finite capacity of the rock to hold bitumen, likely governed by the pore volume of the shale itself. Greater thermal stress generated larger volumes of bitumen that were continuously expelled from the rock. Prior experiments on Woodford Shale suggests substantial generation of bitumen from these organic rich rocks (>20 wt.% organic carbon), consistent with our results (Lewan et al., 1985) .
One initially puzzling feature is that the unheated rock sample contained greater amounts of methylphenanthrenes than any of the heated rock samples (Fig. 5) . This likely reflects bitumen that was originally within pores in the shale but was exposed on new surfaces created as the rock was crushed in preparation for the experiments. This surface bitumen would be removed into the water at even the lowest heating temperatures, as observed in our experiments, but was at least partially retained on the unheated rock.
The concentrations of phenanthrenes in the total system (rock plus pyrolyzate) support this mechanism. The total amount of methylphenanthrenes is similar between the unheated sample and lowest temperature experiments suggesting repartitioning of phenanthrenes off of the rock surface and into the pyrolyzate.
The experimental results also indicate that differential partitioning of methyl isomers between the solid rock and expelled pyrolyzate occurs. This is evident in the consistently higher MPI-1 ratios in the pyrolyzate at all temperatures ( Table 2 ). The primary cause of this difference is the preferentially retention of 1-methylphenanthrene and 9-methylphenanthrene in the rock and preferential expulsion of phenanthrene and 3-methylphenanthrene into the pyrolyzate. 1-Methlphenanthrene is particularly influential as the relative concentration increases in the rock while decreasing in the pyrolyzate. Identification of this effect in samples may be possible by comparing MPI-1 values with an alternative maturity parameter that behaves similarly in the rock and pyrolyzate such as 2-MP/9-MP (Table 2) .
Implication for fault zones
Thermal maturity in fault zones is often measured long after the heat-generating earthquakes have occurred and any pyrolyzate expelled into pore fluids is most likely absent. Therefore careful consideration of the processes of generation and expulsion of methylphenanthrenes must be made when using the MPI-1 index for fault zones. To start, Fig. 6 demonstrates that earthquakes that generate temperatures below 300°C over minutes to hours may in fact expel more mature compounds as pyrolyzate than remain within the fault rocks, therefore leaving the fault zone looking less thermally mature than the surrounding rock. Although hotter earthquakes must also expel pyrolyzate, more mature compounds are also left behind in the fault zone. Expulsion of pyrolyzate would only occur in organic-rich rocks and thus should not affect faults hosted in organic-poor sediments. It may be possible to test for differential expulsion of methylphenanthrene isomers by comparing several thermal maturity indices such as MPI-1 vs. 2-MP/9-MP that are affected differently by expulsion. Despite the effects from expulsion, the kinetic parameters for the rock and pyrolyzate samples are very similar (Fig. 9) , albeit with more scatter to the fit for the rock samples. Fig. 9 implies that time-temperature of a heating event can still be measurable from just the rock sample. Although this is an avenue that requires further study, the Woodford Shale may be an end-member case of this, as it is a very organic-rich rock and significant quantities of new phenanthrenes can be created during heating. In rocks with a leaner organic content, the expulsion process may be much less significant, as the total volume of new molecules would be smaller.
CONCLUSIONS
Molecular organic thermal maturity is increasingly used to study thermal history during short heating events such as earthquakes. However, the kinetic parameters necessary to recover time-temperature histories from organic thermal maturation have not been determined for fast, hightemperature heating. We determined kinetic parameters for thermal alteration of methylphenanthrene molecules at minute to hour timescales. Our hydrous pyrolysis experiments on Woodford Shale demonstrate that MPI-1 systematically increases with time and temperature, consistent with a first-order kinetic model and Arrhenius temperature relationship. Significant production of new phenanthrene isomers and expulsion of a liquid pyrolyzate also occurred, consistent with observations from other biomarker maturity systems and experiments on the Woodford Shale. Differential expulsion of methylphenanthrene isomers affected the apparent maturity of the rock at lower temperatures and may need to be considered for organicrich fault rocks. If a similar process occurs in petroleum systems it could also influence source rock maturity inferred from expelled liquids. Our results demonstrate that the overall MPI-1 reaction extent in both the rock and pyrolyzate is a useful measure of thermal maturity and reflects temperature history during rapid heating.
